Parity-violating polarized electron scattering from nucleons and nuclei provides an excellent tool to extract valuable information on nuclear and nucleon structure, as well as to determine Standard Model couplings and higher-order radiative corrections. As measurements become more precise, theoretical models should improve accordingly in order to exploit the experimental data fully in extracting meaningful information. At the same time, it is crucial that theoretical evaluations come with realistic estimations of the corresponding theoretical uncertainties to establish that the precision reached in the measurements is not compromised. Here we consider isospin mixing and the charge distribution in nuclei, and strangeness content of the nucleon together with its axial form factor.
I. INTRODUCTION
Parity-violating (PV) elastic scattering of longitudinally polarized electrons by nucleonic or nuclear targets is an excellent tool to determine the electroweak coupling constants, to test Standard Model features such as the mixing parameters or the role of higher-order radiative corrections, or to explore the neutron distribution in the case of nuclear targets [1] . We begin by briefly summarizing some of the basic ideas behind such studies.
Parity violation originates in the interference between the vector electromagnetic (EM) current term and the axial weak neutral current (WNC) term of the electron-hadron interaction, these showing opposite behavior under a parity transformation. The degree of violation is usually cast in terms of the PV asymmetry, involving the cross sections of incoming electrons longitudinally polarized parallel (σ + ) and antiparallel (σ − ) to their momentum:
By considering a single exchanged boson for each interaction and neglecting the distortion of the electron wave function due to the target Coulomb field (plane-wave Born approximation (PWBA) -see below), the PV asymmetry is proportional to the ratio of parity-violating to parity-conserving responses: A = A 0 W P V /W P C , with a scale given by A 0 = G F |Q 2 |/(2 √ 2πα) ≈ 1.8 · 10 −4 |Q 2 |, where G F and α are the Fermi (weak) and the fine-structure (electromagnetic) coupling constants and the only kinematic dependence is on the four-momentum transfer |Q 2 |, given here in (GeV/c) 2 . In this report we consider two specific cases of elastic PV electron scattering, viz., from protons (ep) and from N = Z, spin-0, nominally isospin-0 nuclei (eA), in the latter case focusing on 12 C as a practical example.
In the case of elastic ep scattering the PV asymmetry can be written as
where a V and a A represent the vector and axial WNC electron couplings and G p E,M are the electric and magnetic EM form factors of the proton; we have introduced the kinematical factor ε = (1 + 2τ (1 + τ ) tan 2 (θ e /2)) −1 which depends on the scattering angle θ e , and τ ≡ |Q 2 |/(4M 2 ) with M the nucleon mass. The WNC form factors can be written as follows (charge symmetry is assumed):
where G s E,M,A are the strange form factors and G
3,8
A the isovector triplet (3) and isoscalar octet (8) contributions to the axial form factor of the proton (G ep A ). The ξ coefficients represent the WNC effective coupling constants that are given in terms of the weak mixing angle (θ W ) and radiative corrections (see [2] for details).
Parity-violating scattering from the proton is free from nuclear structure ambiguities and can therefore provide detailed information on the WNC nucleon form factors. Our interest in Sec. II concerns the uncertainties associated with the pure EM properties as well as with the axial and vector WNC form factors through the electric and magnetic strangeness contributions and the effective weak couplings. It is clearly important to assess these theoretical uncertainties before drawing definite conclusions concerning higher-order electroweak contributions to the asymmetry.
The eA PV asymmetry is again proportional to the ratio of parity-violating to parityconserving nuclear responses, with the same scale A 0 as for the ep case. Under further assumptions, namely elastic scattering from N = Z nuclear targets with pure isospin T = 0 and angular momentum J π = 0 + ground states and absence of nucleon strangeness content, the parity-violating and parity-conserving responses are such that the nuclear structure effects cancel out (see [3] and references therein) and one gets a reference PV asymmetry:
The extent to which some of the above-mentioned conditions are not actually fulfilled needs to be modeled by theory and extracted from the measured PV asymmetry, so that the remaining effects can be pinned down or the values of the constants accurately determined.
This procedure introduces theoretical uncertainties in the analysis due to the spread of results when, for instance, different microscopic nuclear structure models are used, or when different values of the parameters within a model are considered.
To extract new information on electroweak couplings or higher-order interaction effects from eA PV scattering the uncertainty of the PV observables must lie at the few per mil level, typically around 0.3% [4] (both experimental and theoretical uncertainties). On the experimental side, interest has been shown recently in developing relatively low energy, high luminosity polarized electron beams for PV experiments with the hope of reaching the required precision of [4] -proposals such as the MESA accelerator at Mainz [5] or an upgraded FEL facility at Jefferson Lab [6] go in this direction. On the theoretical side, uncertainties related to the modeling of different nuclear effects are the focus of Sec. III.
Having as a goal the basic objectives summarized above, and following the spirit of this JPG Focus Issue, we discuss how one has attempted to evaluate the theoretical uncertainties in extracting specific information on hadronic form factors, electroweak corrections beyond tree level and nuclear many-body effects such as isospin mixing. We begin in Sec. II with ep PV scattering, followed in Sec. III with elastic eA scattering from 12 C and concluding in Sec. IV with a brief summary.
II. PARITY-VIOLATING ELECTRON SCATTERING FROM THE PROTON
In recent work [7, 8] a systematic analysis of the effects on the PV asymmetry introduced by the various ingredients involved has been presented. Specifically, a variety of prescriptions for the EM form factors, some of them accounting for two-photon exchange effects and other higher-order corrections, was considered. The radiative corrections in the axial form factor and their effects on A P V ep were studied in detail, providing results linked to the specific functional dependence with Q 2 (value of the axial mass) and to its value at Q 2 = 0. Finally, the sensitivity shown by the PV asymmetry with ss (strangeness) content in the nucleon was discussed for both electric and magnetic channels. A comparison of our theoretical predictions for A P V ep with available data is also provided. Let us begin with a few words on one type of uncertainty which is not really a theoretical one, but which affects the extraction of the other ingredients discussed below, viz.
uncertainties introduced by the lack of precise enough knowledge of the EM form factors themselves. As seen in Eq. (2), the PV asymmetry involved an interference of EM with WNC form factors and thus depends on these both via the numerator and denominator in that equation. In principle this source of uncertainty can be controlled by PC electron scattering from the nucleon; however, at present, while knowledge of the EM form factors is very good, nevertheless some uncertainty is inevitable in the PV asymmetry from this source.
To summarize, in [7] it was found that the typical present uncertainty in the asymmetry amounts to ∼2-3% for θ e = 5
• , but only ∼0.7% for θ e = 170
• for |Q 2 | = 1 (GeV/c) 2 . However, the experimental situation is not fully settled and with specific data sets the deviation from the average is larger: ∼5% (∼4.3%) for θ e = 5
• (θ e = 170
These issues are discussed more completely in [7] , although in the present study we do not pursue this problem, since our main focus is on evaluations of theoretical uncertainties, with which we now continue.
A basic ingredient in the study of PV electron scattering is the WNC axial form factor and how its description may modify the results for A P V ep . It is well known that, contrary to neutrino reactions, radiative corrections play an important role in the description of G In this work we assume the radiative corrections to be constant. Recently some authors [9] have studied the possible effects associated with energy-dependence in the γZ-box correction.
However, at present all calculations have been performed only at very specific kinematics:
forward scattering angles and low energy. Although different studies conclude results that differ by some amount, all calculations lead to uncertainties that are much smaller than the ones corresponding to the parameter range variation considered in this work. Here we follow the analysis presented in [7] and show results corresponding to the currently accepted value of the axial form factor at Q 2 = 0, namely, G [7, 8] for references to the data). The shaded areas represent the uncertainty linked to the particular description of the functional dependence of the axial form factor with the transferred four-momentum
We assume the usual dipole form with two values of the axial mass: the standard one M A = 1.032 GeV/c 2 (lower limit in the bands) and M A = 1.35 GeV/c 2 (upper limit). The latter is connected with the recent analysis of quasielastic neutrino reactions performed by the MiniBooNE Collaboration [11, 12] . The study of other functional dependences, such as a monopole shape, has been considered in [7] . Note that, whereas G0 at lower |Q 2 | and the SAMPLE data seem to be consistent with the smaller (in absolute value) G ep A (red band), the reverse occurs for G0 at higher |Q 2 | and PVA4 data (green band). Also, the global uncertainty associated with radiative corrections for 110 . The amount of strangeness content is given through the parameters µ s and ρ s corresponding to the magnetic and electric channels, respectively.
Results are shown in Fig. 2 (backward angles) and Fig. 3 (forward angles). The prescription GKex for the EM form factors has been used (see [7] ) with the dipole-shape description for the standard axial form factor. At backward angles the PV asymmetry depends mainly on the magnetic strangeness content through µ s . Hence, we show in Fig. 2 , which is consistent with previous analyses [7] . As observed, the global theoretical uncertainty is large enough to cover the four data analyzed. However, whereas G0 at low |Q 2 | and SAMPLE seem to be consistent with positive µ s , SAMPLE and G0 at higher |Q 2 | fit the region of negative µ s better. Only the case of magnetic strangeness close to zero seems to be the case where theory and data agree the best. In summary, the uncertainty in the PV asymmetry associated with the variation assumed in µ s is of the order of 24-25%. This result applies to the two scattering angles as well as to low and high |Q 2 |-values.
The case of forward kinematics is analyzed in Fig. 3 , where the two panels on the top show the sensitivity of A [7] . Moreover, the region spanned by the above selection includes all data and its width (global uncertainty) is slightly larger for the specific ρ s -variation considered. In the case of To complete this study we present the results obtained from a statistical analysis of the full set of PV asymmetry data for elastic ep scattering including the most recent high precision measurement from Qweak [13] . The fit procedure is based on the work presented in [8] where, in addition to G ep A (0), µ s and ρ s , the proton and neutron WNC effective coupling constants were also included in the analysis. The results obtained for the five free parameters with 1σ-errors are given in [8] , also showing a strong correlation in most of the cases. As already mentioned, forward angle asymmetry data provide information on the electric and magnetic strangeness while backward angle data are mainly sensitive to the magnetic and axial contributions. Therefore, the strong correlation between the electric (ρ s ) and magnetic (µ s ) strangeness parameters comes basically from data taken at forward kinematics (HAPPEX and G0 experiments). In fact, the Jefferson Lab experimentalists often show their results as a specific combination of electric and magnetic strangeness due to this correlation. Likewise, the strong correlation that exists between µ s and G ep A is mainly linked to backward scattering data (SAMPLE, PVA4, and G0 experiments). The statistical analysis presented in [7] combines experimental data at forward and backward kinematics.
This explains the large correlation coefficient (0.711) found also for ρ s and G ep A (0) (see [7, 8] for details).
It is worth commenting on the role played by the axial mass connected with the specific functional Q 2 -dependence of G the results obtained in [7] where the fit procedure was performed taking only ρ s and µ s as free parameters. This explains the much smaller region spanned by the blue curve compared with the red one (based on five independent parameters).
Finally, although not shown here, the PV asymmetry also shows significant sensitivity to the proton and neutron WNC effective coupling constants. These couplings, that incorporate contributions from higher-order processes (γZ-box diagram, γZ-mixing diagram, etc.), were also analyzed in [8] providing constraints on their values which can be combined with atomic parity-violating measurements. This combined analysis can help in testing the Standard Model predictions (see [8] and references therein for details).
III. PARITY-VIOLATING ELECTRON SCATTERING FROM NUCLEI
We describe next some of the effects that play a role in PV asymmetry of polarized elastic electron scattering from 12 C based on our study in [3] . We use experimental conditions similar to those planned for the above-mentioned future facilities, namely 150 MeV longitudinally polarized electrons with a luminosity of 5·10 38 cm −2 s −1 scattered by 12 C targets with angles between 25
• and 45
• , corresponding to momentum transfers between approximately 0.04 and 0.12 GeV/c. We refer to this kinematic interval as the region of interest.
The slightly differing PV asymmetries obtained with different models can be conveniently analyzed through the asymmetry deviation, defined as the relative difference between the theoretical PV asymmetry under study A X (where only the effect X is included) and the reference value A ref :
The total PV asymmetry contains all of the effects and could be written in terms of all the individual deviations as
, where the small interference terms between different effects (Γ X i Γ X j ) have been neglected. The theoretical uncertainty of a given deviation, ∆Γ X , is directly related to the relative theoretical uncertainty of the corresponding asymmetry. For instance, if two different nuclear models a and b describing the nuclear feature X yield a deviation spread ∆Γ X , this value also accounts for the relative theoretical uncertainty of the corresponding asymmetry (with respect to
The reference asymmetry in Eq. (5) is obtained for plane-wave incoming and outgoing leptons, i.e. ignoring their interaction with the Coulomb field of the nuclear target. The latter can be accounted for using the distorted-wave Born approximation (DWBA) [14] . Although this approximation is accurate enough for many purposes, the actual nuclear charge distribution that should be used in the calculation, which is responsible for the specific Coulomb field of the nuclear target and therefore for the distortion of the lepton waves, does play a role and so needs to be evaluated. The approach here is simply to consider different charge distributions in the nuclear target, all of them compatible with the experimental rms charge radius; the spread of the PV asymmetry deviations obtained with this procedure is then understood as an estimation of the relative theoretical uncertainty in the PV asymmetry due to this effect. A convenient set of charge distributions can be built from a three-parameter Fermi distribution by changing the values of the radius, diffuseness and central-depression parameters (but keeping the corresponding rms charge radii within the experimental range). Obviously, more sophisticated microscopic nuclear models can be used to obtain charge distributions (below, for instance, the use of Skyrme HartreeFock calculations for other purposes is discussed). However, it increases considerably the complexity of the calculation without greatly improving the estimation of the uncertainty.
We show in Fig that the N = Z nuclear target has the protons and neutrons following the same dynamics, namely the nuclear target has pure isospin zero. However, at some level one expects to have isospin mixing. Certainly, the Coulomb interaction among protons introduces an obvious distinction (maybe not the only one), which translates into a PV asymmetry deviation with respect to the reference value. Details of the proton versus neutron distributions drive this effect, so a rather sophisticated microscopic nuclear model is needed to describe them. We use an axially-deformed Hartree-Fock mean field with Skyrme nucleon-nucleon interactions and pairing correlations via a BCS approximation [15] . Skyrme interactions [16, 17] approximately between 0.1 and 0.7% in the region of interest with a spread between 0.05 and 0.3%, the latter being close to the maximum value acceptable for our purpose.
Other effects have been studied for their impact on the eA PV asymmetry, including uncertainties from meson-exchange currents (MEC) and from being unable in projected experimental situations to resolve the ground state and so having to include some number of excited states in the total PV asymmetry. Concerning the former, for spin-0 nuclei the MEC effects arise only in the EM and WNC monopole matrix elements and thus are expected to be small at the low momentum transfers of interest. For the latter, the weighting of the inelastic excitations versus the elastic is suppressed essentially by a factor of 1/Z 2 , and accordingly having a few excited states included does not incur a significant uncertainty. The case of 12 C is a good one: there the first excited state (2 + ) is known to have a suppressed transverse E2 contribution and thus effectively yields the same asymmetry as the elastic scattering; the second excited state is 0 + and thus is C0 and has the same asymmetry as the elastic scattering. Hence, future experiments with resolutions of about 510 MeV should not suffer from nuclear structure uncertainties at the few per mil level. These issues are both discussed in more detail in [3] .
To conclude this section we study the uncertainty stemming from the content of strange flavored quarks within the nucleons (see above), which adds an extra isoscalar term to the weak neutral current not considered in the reference asymmetry of Eq. (5). As discussed in Sec. II, the nucleon strangeness content is described by electric and magnetic strangeness form factors, each depending in turn on the strangeness content parameters ρ s , µ s introduced in Sec. II. We study this effect through the deviation relating the asymmetry that includes strangeness with the reference value (no strangeness), Γ s = A s /A ref − 1, and estimate the uncertainty through the spread in deviations using the current experimental ranges given in Sec. II for both the electric and the magnetic strangeness content parameters (the former being the most relevant for elastic scattering from 12 C).
In Fig. 7 we show the range of deviations -the overall effect goes from 0. Were we to use the 5-parameter analysis, the outer ellipse, then accordingly the spread seen in Fig. 7 would be much larger. Therefore, additional asymmetry measurements, ideally for a set of different momentum transfers, seem to be required in order to pin down the strangeness deviation uncertainty. The HAPPEX-He experiment [19] , that has measured the PV asymmetry in 4 He with a 4% precision at q = 0.277 GeV/c, goes in this direction and suggests that the spread shown in Fig. 7 may be correct, but further improvement is still needed.
IV. SUMMARY
From the discussions above one can identify two types of theoretical uncertainties. On the one hand, when different models exist that describe a given physical feature and there are no compelling reasons to prefer one over the other, an estimation of the theoretical uncertainty could be obtained from the spread of results given by some (or all) of them. One should notice that this is a rather crude approach, since not every model is equally reliable for the description of a given feature, and the results should be weighted accordingly In addition, experimental and theoretical uncertainties are sometimes entangled, as is the case of the strangeness content of the nucleon as it is used in this work: its 'experimental uncertainty' actually comes partially from the different theoretical models that can be used in its extraction from experimental data (for example, from other studies of the form factors), and this 'experimental uncertainty' is subsequently incorporated as a parameter range in the model of the strangeness form factor.
Let us end by contrasting the two types of reactions discussed in the present paper, namely, ep and eA PV electron scattering. At first one might expect the former to be less subject to modeling uncertainties than the latter, since, clearly, in general it is hard to deal with nuclear structure issues when very high precision is demanded. However, the case of interest here is a very special one: the main focus for eA scattering has been placed on elastic scattering from N = Z, nominally isospin-0 nuclei. There, having only a single monopole form factor, the reference PV asymmetry is independent of any nuclear structure uncertainties, and it is only when one proceeds beyond the naïve starting point that these enter. Specifically, when one takes into account that the nuclear ground states of such nuclei are not at some level eigenstates of isospin and therefore that small isovector contributions must be included, then some relatively weak dependence on structure issues arises. Also, when possible strangeness contributions in the nucleons in the nucleus are considered, there are new dependences to take into account. In contrast, the nucleon with its spin-1/2 and isospin-1/2 nature, while more fundamental, nevertheless has a more complicated dependence on the underlying hadronic structure via the various form factors that enter (nine, in fact), none of which is known as well as one might like. Indeed, we have not even considered that it also is likely not an eigenstate of isospin at some level and, furthermore, that both the nucleon and nuclei are not perfect parity eigenstates, which introduces other structure issues -presumably these are small, and accordingly we have neglected them in this brief analysis. Finally, the 'doability' (figure-of-merit) for eA PV forward-angle elastic scattering is considerably larger than it is for ep scattering (see [2] , Fig. 3 .10, and [3] ), which means that parts per mil determinations of the asymmetry in the former case can be contemplated.
